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(57) Abstract 

A heat pump that includes organic hydride (12) and metal hydride (2) systems cools a conditioned space (6) by transferring heat from 
the conditioned space to a metal hydride bed (4), thereby decomposing a metal hydride in the bed to form H2. The H2 flows to a vapor 
space (14) in the liquid hydride system (12) and reacts with a dehydrogenation product at a catalytic surface (32) in the vapor space to form 
an organic hydride and an exothermic heat of reaction. The heat pump also may be used to upgrade waste heat by transferring heat from 
a relatively low temperature heat source to decompose the metal hydride. The exothermic heat of reaction may then be removed from the 
vapor space and used for space heating. In both embodiments, the metal hydride bed (4) may be regenerated by supplying an endotherrnic 
heat of reaction to the catalytic surface (32), thereby dehydrogenating the organic hydride to form H2. The H2 flows to the metal hydride 
bed (4) and reacts with the metal hydride bed to regenerate the metal hydride. Alternately, the metal hydride bed (4) may be regenerated by 
flowing a liquid rnixture that includes the organic hydride into a reaction zone (38) having a dehydrogenation catalyst (42) and supplying 
an endomemuc heat of reaction to the reaction zone, thereby dehydrogenatiiig the organic hydride to form H2. As before, the H2 flows to 
the metal hydride bed (4) where it regenerates the metal hydride. 
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Description 
Organic Hydride/Metal Hydride Heat Pump 

Technical Field 

The present invention is directed to a heat pump, particularly a compressor-less, 
5 chloroflurocarbon-free heat pump. 

Background Art 

Heat pumps and related devices have long been used for heating, air conditioning, 
refrigeration, and other heat transfer applications. Typically, such devices operate by 
transferring heat from a heat source, such as a source of waste heat or a conditioned space, 

10 to a liquid working fluid, thereby boiling the working fluid. The gaseous working fluid is 
then compressed, condensed to a liquid, and recycled to absorb additional heat from the 
conditioned space. Hie heat given up by the working fluid when it is condensed can be used 
for space heating, some other useful purpose, or can be rejected to the surroundings. While 
this cycle is widely used, drawbacks include the need for a compressor and the common use 

15 of chlorofluorocarbons as a working fluid. The compressor creates noise and includes 
moving parts that are subject to wear and failure. Chlorofluorocarbons are the subject of an 
international agreement that restricts their use in the future. In addition, prior art systems can 
limit the extent to which relatively low temperature waste heat (e.g., 35°C to 95 °Q can be 
used to provide space heating. 

20 As the industry strives to improve the reliability and performance of heat pumps and 

related devices such as air conditioners, reducing the noise produced by the compressor and 
eliminating the use of chlorofluorocarbons as working fluids are important goals. In 
achieving these goals, it also would be desirable to dispense with the compressor entirely. 
To date, however, these goals have been difficult to achieve. As a result, there remains a 

25 need for heat pumps that can be used to upgrade low grade waste heat, do not need a 
compressor, and do not use chlorofluorocarbons as a working fluid. 
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Disclosure of the Invention 

The present invention is directed to a compressor-less, chlorofluorocarbon-free heat 
pump and methods for cooling and heating that use the heat pump. 

One embodiment of the invention includes a heat pump having an organic hydride 
5 system and a metal hydride system. The organic hydride system includes a vessel with a 
liquid space and a vapor space and a catalytic surface disposed in the vapor space. The 
catalytic surface promotes hydrogenation of an organic dehydrogenation product to form an 
organic hydride and dehydrogenation of the organic hydride to form Hj. The organic hydride 
system also includes means for cooling the catalytic surface when it promotes hydrogenation 

10 and means for heating the catalytic surface when it promotes dehydrogenation. The metal 
hydride system includes a metal hydride bed and means for transferring heat from a heat 
source to the metal hydride bed. A duct connects the vapor space of the organic hydride 
system with the metal hydride system. 

Another embodiment of die invention includes another heat pump having an organic 

IS hydride system and a metal hydride system. The organic hydride system includes a vessel 
with a liquid space and a vapor space, a catalytic surface disposed in the vapor space, a 
liquid-phase reaction zone in fluid communication with the liquid space, and a 
dehydrogenation catalyst disposed in the reaction zone. The catalytic surface promotes 
. hydrogenation of an organic dehydrogenation product to form an organic hydride and the 

20 dehydrogenation catalyst promotes dehydrogenation of the organic hydride to form H 2 . Hie 
organic hydride system also includes means for cooling the catalytic surface when it promotes 
hydrogenation, means for providing an endothermic heat of reaction to the reaction zone, and 
means for transporting from die reaction zone to the vapor space. The metal hydride 
system and duct are as described above. 

25 Another embodiment of the invention includes a method of transferring heat from a 

heat source with a heat pump that includes a metal hydride system and an organic hydride 
system. When operating the device in a primary mode, heat is transferred from the heat 
source to a metal hydride bed, thereby cooling the heat source and decomposing a metal 
hydride in the bed to form H 2 . The H 3 flows to a vapor space in the liquid hydride system 

30 and reacts with a dehydrogenation product at a catalytic surface in the vapor space to form 
an organic hydride and an exothermic heat of reaction. 

The device may be operated in a regeneration mode by supplying an endothermic heat 
of reaction to the catalytic surface, thereby dehydrogenating die organic hydride to form H,. 
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The H 2 flows to the metal hydride bed and reacts with the metal hydride bed to regenerate 
the metal hydride and produce an exothermic heat of reaction. 

Alternately, the metal hydride may be regenerated by flowing a liquid mixture that 
includes the organic hydride into a reaction zone having a dehydrogenation catalyst. An 
5 endothermic heat of reaction is supplied to the reaction zone to dehydrogenate the organic 
hydride to form H 2 . Hie H 2 flows to the metal hydride bed where it regenerates the metal 
hydride. 

These and other features and advantages of the present invention will become more 
apparent from the following description and accompanying drawing. 

10 Brief Description of the Drawing 

Figure 1 is a process flow diagram of a heat pump of the present invention configured 
as a cooling device. 

Figure 2 is a process flow diagram of another heat pump of the present invention 
configured as a cooling device. 
IS Figure 3 is a process flow diagram of a heat pump of the present invention configured 

as a space heating device. 

Best Mode for Carrying Out the Invention 

Depending on its design and the application for which it is used, the heat pump of the 

present invention can be used either as a cooling device, a heating device, or both. In some 
20 applications, it may be desirable to optimize the heat pump as either a cooling or heating 

device. In other applications, however, the heat pump may be designed as a duel use device. 
Fig. 1 shows one embodiment of the present invention that combines a metal hydride 

system 2 with an organic hydride system 12. Hie metal hydride system 2 comprises a metal 

hydride bed 4 that includes a metal hydride. Hie metal hydride may be any metal hydride 
25 that endothermically dissociates to form H 2 at atmospheric pressure and a temperature above 

about 10°C. Preferably, the metal hydride will dissociate at a temperature above about 20°C. 

Suitable metal hydrides include LaNi^, LaNi 4 . T Al as H„ CaNijH, MgjNil^, Feo gNio ^TiHo^, 

MgH 3 , FeTiH, FeojMiiajTiH, TiawZro^Vo^FeatoCro^Mn^ hydride and other metal 

hydrides known in the art Suitable materials and related storage tanks and systems can be 
30 purchased from companies such as INCO (New York, NY), INCO's subsidiary MPD 

(Birmingham, Great Britain), Billings Corporation (Independence, MO), the Gesellschaft fur 
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Elektrometallurgie (Nuremberg, Germany), Thyssen AG (Essen, Germany), and Mannesmann 
AG (Dusseldorf, Germany). 

During a primary mode, heat from a heat source 6, such as a conditioned space, is 
transferred to the metal hydride bed 4. The metal hydride absorbs the heat and dissociates 
5 to form H 2 . Withdrawing heat from the heat source 6 cools it. Any conventional means for 
transferring heat 8 may be used to transfer heat to the metal hydride bed 4. For example, 
if the heat source 6 is a conditioned space, air from the conditioned space may be circulated 
through the bed 4. Alternately, a conventional heat transfer fluid may be used to transfer the 
heat. 

10 Producing H 2 in the metal hydride bed 4 creates pressure and concentration 

differentials between the metal hydride bed and the organic hydride system 12. As a result 
of the pressure and concentration differentials, the H 2 flows through a duct 10 to the organic 
hydride system 12 where it reacts with a dehydrogenation product to form a corresponding 
organic hydride. The organic hydride may be any hydrocarbon or alcohol that can be 

15 dehydrogenated to form H 2 and at least one dehydrogenation product. Preferably, the organic 
hydride will have one to 14 carbon atoms. Suitable organic hydrides include normal alkanes 
such as pentane, heptane, and decane, cycloalkanes such as cyclohexane, methylcyclohexane, 
and decalin, and alcohols such as methanol, ethanol, and propanol. If desired, the organic 
hydride may be a blend of two or more hydrocarbon or alcohol species. Preferably, both the 

20 organic hydride and the dehydrogenation product will be liquids at room temperature and 
atmospheric pressure so they are easy to handle. Most preferably, the organic hydride will 
have a single, predominant dehydrogenation product. Methylcyclohexane (CjR^ and 2- 
propanol ((CH*) 2 CHOH) are preferred organic hydrides because they are liquids at room 
temperature and atmospheric pressure and dehydrogenate to H 2 and a predominant 

25 dehydrogenation product with minimal formation of side products. As shown by equations 
(1) and (2), methylcyclohexane^ predominant dehydrogenation product is toluene (CflJ and 
2-propanol's predominant dehydrogenation product is acetone ((CH^CO). 

CtH* - QH 8 + 3H 2 (1) 
(CH^CHOH - (CH^CO + H 2 (2) 

30 During the primary mode, conditions in the organic hydride system are selected to promote 
the reverse reactions (i.e., hydrogenation reactions) of (1) and (2) to occur. 

The hydrogen reacts with the dehydrogenation product at a catalytic surface 32 in a 
vapor space 14 of a vessel 16 to form the organic hydride and an exothermic heat of reaction. 
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The vapor space 14 contains a vapor mixture of the organic hydride and its dehydrogenation 
product in equilibrium with a corresponding liquid mixture in a liquid space 18 of the vessel 
16. To maintain equilibrium in the vapor space 14, the liquid mixture is circulated, for 
example with a pump (not shown), through lines 20 and 22 to the showerheads 24 (valve 26 
5 is closed, valve 28 is open, check valve 30 prevents flow toward the metal hydride system 
2). 

The catalytic surface 32 may comprise any catalyst that promotes the hydrogenation 
of the decomposition product and dehydrogenation of the organic hydride. For example, the 
catalytic surface 32 may comprise Ni v Cr, Co, or platinum family metals, such as Pt, Ru, Rh, 

10 Re, Ir, and Pd. Platinum family metals are preferred because they provide favorable 
operating conditions. The catalytic surface 32 may comprise a single metal or a combination 
of two or more suitable metals (e.g., Pt/Re or Pt/Ir). Ouster or composite catalysts, 
especially those that comprise a combination of platinum family metals (e.g., Ru/Rh or 
Ru/Pt), are especially preferred. The catalytic metal may be supported on a substrate 

15 compatible with conditions in the vapor space 14. Suitable substrates include alumina, 
zirconia, carbon, and other materials. Depending on the requirements of a particular 
application, the substrate may be a coating on a metal support such as the fins or wall of a 
heat exchanger, a monolithic structure such as a honeycomb structure, particles disposed in 
a packed bed, or some other suitable form. These substrates are known in the art. The 

20 catalytic surface 32 may be designed and fabricated with conventional techniques. Suitable 
catalytic metals and substrates may be purchased from commercial suppliers, including 
Englehard Corporation (Iselin, NJ), Johnson Mathey, Inc. (Malvern, PA), and UOP (Des 
Plaines, IL) or may be custom fabricated for a particular application. 

Hie exothermic heat of reaction generated by hydrogenating the dehydrogenation 

25 product at the catalytic surface 32 may be removed by circulating air, water, or any other 
suitable coolant through a heat exchanger 34. The heat can be used for space heating, some 
other useful purpose, or merely released to the surroundings. To improve heat transfer, the 
catalytic surface 32 may have a conventional extended heat transfer surface such as fins, 
studs, or the like in contact with the heat exchanger 34. Any other conventional heat transfer 

30 scheme may be used to remove the exothermic heat of reaction from the vapor space 14. 
During the hydrogenation reaction, the vapor space 14 should be maintained at a temperature 
that promotes the desired hydrogenation reaction. The temperature required for the 
hydrogenation reaction, which may range from about 20°C to about 200°C, depends on the 
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catalyst, pressure, and decomposition product involved in the reaction. For example, to 
bydrogenate toluene to methylcyclohexane over a Pt catalyst, the temperature in the vapor 
space may be kept at less than about 150°C. If the temperature in the vapor space 14 is 
allowed to rise too high, the favored reaction could become the dehydrogenation reaction, 
5 which is undesirable during the cooling mode. The pressure in the vapor space 14 during the 
cooling mode should be at or above atmospheric pressure. One skilled in the art will know 
how to select a suitable space velocity for the reaction. 

During periods when operation in the primary mode is not required, for example at 
night or other times when heat is not extracted from the heat source 6, the heat pump may 

10 enter a regeneration mode in which the metal hydride in the metal hydride bed 4 is 
regenerated. During regeneration, the catalytic surface 32 may be heated to a temperature 
sufficient to endothermically dissociate the organic hydride in the vapor mixture to Hj and 
the dehydrogenation product. Hie temperature required for the dehydrogenation reaction, 
which may range from about 100°C to about 500°C, depends on the catalyst, pressure, and 

IS organic hydride involved in the reaction. For example, if methylcyclohexane is 
dehydrogenated to toluene over a Pt catalyst, the catalytic surface 32 may be heated to a 
temperature of at least about 300°C. The endothermic heat of reaction for the 
dehydrogenation reaction may be supplied though the heat exchanger 34 from any heat source 
that is at a suitable temperature. For example, the heat may be supplied by burning a fuel 

20 such as natural gas, by electric resistance heating, or from any other suitable source. The 
pressure in the vapor space 14 during the regeneration mode should be at or near atmospheric 
pressure. One skilled in the art will know how to select a suitable space velocity for the 
reaction. 

Producing H 2 in the organic hydride system 12 creates a pressure differential between 
25 the organic hydride system 12 and the metal hydride bed 4. As a result, the H 2 flows through 
the duct 10 to the metal hydride bed 4 where it regenerates the metal hydride in an 
exothermic reaction. The metal hydride bed 4 may be cooled by circulating the liquid 
mixture through lines 20 and 36 (valve 26 is open, valve 28 is closed). Hie liquid mixture 
returns to the organic hydride system through the check valve 30, line 22, and the 
30 showerheads 24. Spraying the liquid mixture through the showerheads 24 condenses excess 
* dehydrogenation product and keeps sufficient organic hydride in the vapor space to form H 2 . 
Using the liquid mixture to cool the metal hydride bed 4 during regeneration improves die 
efficiency of the heat pump. Alternately, the metal hydride bed 4 may be cooled by a water 
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loop connected to a hot water system, by using air that will oxidize the fuel burned to supply 
the endothermic heat of reaction, or by any other cooling system. 

Fig. 2 shows an alternate embodiment of the present invention. In the primary mode, 
the metal hydride section 2 and organic hydride section 12 function as described above. In 
5 the regeneration mode, a valve 36 closes off access to the catalytic surface 32 and the 
dehydrogenation reaction takes place in a liquid phase reaction zone 38. The valve 36 may 
be any suitable valve, such as a butterfly valve or gate valve. Alternately, any other 
conventional device may be used to close off access to the catalytic surface 32. 

The liquid mixture flows to the reaction zone 38 (valves 26 and 40 are open, valve 

10 28 is closed) where it contacts a dehydrogenation catalyst 42 suspended in the liquid in the 
reaction zone. The catalyst 42 may be retained inside the reaction zone 38 with screens 44 
or any other comparable device. The dehydrogenation catalyst 42 may be any liquid phase 
dehydrogenation catalyst known in the art, including any of the catalysts listed above. 

Preferably, the catalyst 42 will be a carbon-supported platinum family single metal 

15 (particularly Ru and Rh) or composite catalyst (particularly Ru/Rh and Ru/Pt) similar to those 
described by Yasukazu Saito of the University of Tokyo and his colleagues. Some of these 
catalysts, for example a 5 wt% Ru/carbon catalyst, may be purchased from commercial 
suppliers such as N.E. Chemcat Co. A composite catalyst may be made by adsorbing RuO, 
and RhCl 3 or RuCl 3 and KjPtCU in a suitable atomic ratio of Ru:Rh or Ru:Pt onto activated 

20 carbon supports from an aqueous solution at room temperature. Hie adsorption may take 
from 6 hr to about 8 hr. For a Ru/Pt catalyst, good results have been reported with Ru:Pt 
ratios of 4:1, 1:1, and 1:4 and total metal loadings of about 5 wt%. The activated carbon 
should have a large specific surface area, for example about 2770 m 2 /g. Such activated 
carbon is available from Kansai Netsukagaku Co. (Japan). Hie adsorbed metal chlorides may 

25 be reduced to catalytic metals with an aqueous solution of NaBH* (900 mg/10 ml) by adding 
the NaBHi dropwise (about 1 ml/min) to the metal chloride solution. After allowing the 
metal chloride solution to stand for about 10 min, the carbon supported catalyst may be 
filtered from the solution, washed with large amounts of water, and dried. The catalyst may 
be dried under a vacuum at about 50°C for about 10 hr. 

30 During regeneration, the reaction zone 38 may be heated to a temperature sufficient 

to endothermically dissociate the organic hydride to H 2 and the dehydrogenation product. 
Dissociation proceeds at low temperatures as long as the H 2 decomposition product, in the 
form of gas bubbles, is permitted to leave the catalyst surface as it forms. Reaction rates are 
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enhanced by temperatures close to the boiling point of the organic hydride. For example, if 
2-propanol is dehydrogenated to acetone over a Ru/Pt/carbon catalyst, the reaction zone 38 
may be heated to a temperature of about 80 °C. One skilled in the art will know how to select 
a suitable temperature and space velocity for the reaction. 
5 The heat for the dehydrogenation reaction may come from any suitable source by any 

suitable means. For example, hot water from a hot water tank 46 may be flowed through 
valve 48 and a heat exchanger SO to provide the endothermic heat of reaction. The hot water 
may be from an industrial process or some other source. Alternately, the heat of reaction 
may be supply by any other conventional means. 

10 As the dehydrogenation reaction proceeds, H 2 formed in the reaction bubbles out of 

the reaction zone 38 through the liquid space 18 into the vapor space 14 where it creates a 
pressure differential between the organic hydride system 12 and the metal hydride bed 4. As 
a result, it flows through the duct 10 to the metal hydride bed 4 where it regenerates the 
metal hydride in an exothermic reaction. The metal hydride bed 4 may be cooled by flowing 

15 water through line 52 (valve 54 is open). The water absorbs heat and may flow to the hot 
water tank 46. Alternately, the metal hydride bed 4 may be cooled by any other conventional 
method. If desired, the heat removed from the metal hydride bed 4 may be used for space 
heating or some other purpose. 

As the organic hydride in the reaction zone 38 becomes depleted, the liquid in the 

20 reaction zone may be returned to the vessel 16 though valve 40, line 22, and showerfaeads 24. 
Additional liquid from the liquid space 18 may then be admitted to the reaction zone 38. 

Fig. 3 shows a heat pump of the present invention that is configured as a space 
heating device. During the primary mode, the metal hydride bed 4 absorbs heat from a heat 
source 6, such as a hot water stream from an industrial process, and dissociates to form H 3 . 

25 The heat source 6 may be any heat source that contains enough energy to dissociate the metal 
hydride bed 4. To allow waste heat at relatively low temperatures to be used as the heat 
source 6, the metal hydride in the bed 4 should preferably dissociate at temperatures between 
about 35°C and about 95°C. 

After the metal hydride dissociates to form H z , the H 2 flows to the vapor space 14 

30 where it reacts with the dehydrogenation product to produce heat as described above. The 
heat is removed through the heat exchanger 34 and is used for space heating. The amount 
of heat removed through the heat exchanger 34 is controlled to maintain catalyst surface 
temperatures of less than about 150°C. 
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During periods when beating is not required, the metal hydride bed 4 can be 
regenerated as described above for the embodiment of Fig. 2. 

Heat pumps of the present invention provide several benefits over prior art heat 
pumps. For example, because they have no compressor, they are quieter than prior art 
5 devices. The absence of a compressor also reduces the number of moving parts subject to 
wear and failure. The use of H 2 as the working fluid eliminates concerns raised by 
chlorofluorocarbons . 

In addition, the use of two hydride systems, one of which undergoes an exothermic 
hydrogenation reaction while the other undergoes an endothermic dehydrogenation reaction 
10 allows for heat integration when operating in the regeneration mode. 

Moreover, the use of a liquid phase dehydrogenation reaction in some embodiments 
of the present invention allows the use of low grade heat (for example heat at about 80°C) 
as an energy source to drive the metal hydride regeneration. The low grade heat also can be 
the heat source for operation in the primary mode when the heat pump is used for space 
15 heating. The use of low grade heat can result in a high coefficient of performance. 

The invention is not limited to the particular embodiments shown and described 
herein. Various changes and modifications may be made without departing from the spirit 
or scope of the claimed invention. 

I claim: 
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Claims 

1 . A heat pump, comprising: 

(a) an organic hydride system (12) that comprises: 

(i) a vessel (16) having a liquid space (18) and a vapor space (14), 

(ii) a catalytic surface (32) disposed in the vapor space (14), wherein the 
5 catalytic surface (32) promotes dehydrogenation of an organic 

hydride to form H 2 and hydrogenation of an organic dehydrogenation 
product to form the organic hydride, 

(iii) means for heating the catalytic surface (32) when the catalytic surface 
(32) promotes dehydrogenation, and 

10 (iv) means for cooling the catalytic surface (32) when the catalytic surface 

(32) promotes hydrogenation, 

(b) a metal hydride system (2) that comprises: 
(!) a metal hydride bed (4), 

(11) means for transferring heat from a heat source to the metal hydride 
15 bed (4), and 

(c) a duct (10) connecting the vapor space (14) of the organic hydride system 

(12) with the metal hydride system (2). 

2. The heat pump of claim 1, further comprising means for circulating a liquid mixture 
that comprises the organic hydride through the metal hydride system (2) to remove heat from 
the metal hydride bed (4). 

3. A heat pump, comprising: 

(a) an organic hydride system (12) that comprises: 

(i) a vessel (16) having a liquid space (18) and a vapor space (14), 

(ii) a catalytic surface (32) disposed in the vapor space, wherein the 
5 catalytic surface (32) promotes hydrogenation of an organic 

dehydrogenation product to form an organic hydride, 

(iii) means for cooling the catalytic surface (32) when the catalytic surface 
(32) promotes hydrogenation, 

(iv) a liquid-phase reaction zone (38) in fluid communication with the 
10 liquid space (18), 
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(v) a dehydrogenation catalyst (42) disposed in the reaction zone (38), 
wherein the dehydrogenation catalyst (42) promotes dehydrogenation 
of the organic hydride to form H 2 , 

(vi) means for providing an endothermic heat of reaction to the reaction 
15 zone (38), and 

(vii) means for transporting H 2 from the reaction zone (38) to the vapor 
space (14), 

(b) a metal hydride system (2) that comprises:* 
(i) a metal hydride bed (4), 

20 00 means for transferring heat from a heat source (6) to the metal 

hydride bed (4), 

(iii) means for circulating the liquid mixture through the metal hydride 
system (2) to remove heat from the metal hydride bed, and 

(c) a duct (10) connecting the vapor space (14) of the organic hydride system 
25 (10) with the metal hydride system (2). 



4. The heat pump of claims 1, 2, or 3, wherein the catalytic surface comprises Ni, Cr, 
Co, Pt, Ru, Rh, Re, Ir, or Pd. 

5. The heat pump of claim 3, wherein the dehydrogenation catalyst (42) comprises a 
carbon support and at least one of Pt, Ru, Rh, Re, Ir, or Pd disposed on the carbon support. 

6. The heat pump of claims 1, 2, 3, 4, or 5, wherein the organic hydride comprises a 
hydrocarbon or alcohol. 

7. The heat pump of claim 6, wherein the organic hydride comprises up to about 14 
carbon atoms. 



8 . The heat pump of claim 7, wherein the organic hydride comprises methylcyclohexane 
or 2-propanol. 

9. Hie heat pump of claim 1, 2, 3, 4, 5, 6, 7, or 8, wherein the metal hydride 
dissociates to hydrogen at a temperature above about 10°C. 
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10. The heat pump of claim 9, wherein the metal hydride comprises La or Ni. 

11. A method pump of cooling a heat source (6) with a heat pump that includes a metal 
hydride system (2) and an organic hydride system (12), comprising the step of: 

(a) operating the heat pump in a primary mode that comprises: 

(i) transferring heat from a heat source (6) to a metal hydride bed (4), 
5 thereby cooling the heat source (6) and decomposing a metal hydride 



12. The method of claim 11, wherein the heat source (6) is a conditioned space. 

13. The method of claims 1 1 or 12, wherein the exothermic heat of reaction is removed 
from the vapor space (14) and used for space heating. 

14. Hie method of claims 11, 12, or 13, wherein the metal hydride dissociates to 
hydrogen at a temperature above about 10°C. 

15. The method of claim 14, wherein the metal hydride comprises La or Ni. 

16. The method of claims 11, 12, 13, 14, or 15, wherein the dehydrogenation product 
comprises a dehydrogenation product of a hydrocarbon or alcohol. 

17. The method of claim 16, wherein the dehydrogenation product comprises up to about 
14 carbon atoms. 

18. The method of claim 17, wherein the dehydrogenation product comprises toluene or 
acetone. 



in the bed (4) to form H 2 , 
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00 
(HO 



flowing the H 2 to a vapor space (14) in a liquid hydride system, and 
reacting the H 2 with a dehydrogenation product at a catalytic surface 
(32) in the vapor space (14) to form an organic hydride and an 
exothermic heat of reaction. 
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19. The method of claims 11, 12, 13, 14, 15, 16, 17, or 18, wherein the catalytic surface 
(32) comprises Ni, Cr, Co, Pt, Ru, Rh, Re, Ir, or Pd. 

20. The method of claims 11, 12, 13, 14, 15, 16, 17 , 18, 19, or 20, further comprising 
the step of: 

(b) operating the heat pump in a regeneration mode that comprises: 

(i) supplying an endothermic heat of reaction to the catalytic surface 
5 (32), thereby dehydrogenating the organic hydride to form Ha, 



21. The method of claim 20 wherein die organic hydride is dehydrogenated at a 
temperature between about 100°C and about 500°C. 

22. The method of claims 20 or 21 , wherein the exothermic heat of reaction is removed 
from the metal hydride bed (4) with liquid organic hydride. 

23. The method of claim 17, further comprising the step of: 

(b) operating the heat pump in a regeneration mode that comprises: 

fi) flowing a liquid mixture that comprises the organic hydride into a 
reaction zone (38) that includes a dehydrogenation catalyst (42), 
5 Qi) supplying an endothermic heat of reaction to die reaction zone (38), 



24. Hie method of claim 23, wherein the dehydrogenation catalyst (42) comprises a 
carbon support and at least one of Pt, Ru, Rh, Re, lr, or Pd disposed on the carbon support. 

25. Hie method of claims 23 or 24, where in the organic hydride is dehydrogenated at 
a temperature of about the boiling point of the organic hydride. 



GO 
Ciii) 



flowing the H 2 to the metal hydride bed (4), and 

reacting the H 2 with the metal hydride bed (4) to regenerate the metal 

hydride and produce an exothermic heat of reaction. 



Ciii) 
Civ) 



thereby dehydrogenating the organic hydride to form Ha, 
flowing the H 2 to the metal hydride bed(4), and 
reacting the H 2 with the metal hydride bed (4) to regenerate the metal 
hydride and produce an exothermic heat of reaction. 
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